A land cover map (1993) was combined with an updated forest change detection map (1991)(1992)(1993)(1994) (1995) (1996)(1997)(1998)(1999)(2000) to examine forest harvest activity, mostly on private commercial forest lands. Landsat change detection methods indicated that industrial forest owners harvested a higher percentage of forest than non-industrial owners in a northern Maine study area. In the 1980s, the percentage of forest harvested across all ownership classes (five) was higher, the mean harvest patch size was larger, patches were more compact, and the mean perimeter to area ratios were smaller compared to data from the 1990s. For all patch metrics, there was a significant time period effect but there was no effect among landowners. Larger harvest patch size in the 1980s may be partially explained by extensive salvage logging that occurred in the wake of a massive spruce budworm infestation in the 1970s. Softwood types were dominant (> 80%) in regeneration stands approximately 15-25 years old on all ownerships. Medium spatial resolution Landsat imagery shows promise as a landscape level tool to monitor forest change patterns and trends across multiple ownerships.
Introduction
Maine is the most forested state in the U.S. with 90% of the land area in forest cover and over 95% of this forest is privately owned (Maine Forest Service 2001 , Laustsen et al. 2003 . The private forests of northern Maine have been actively logged for over 150 years (Seymour 1992) . According to the Maine Forest , landowners in Maine primarily use three silvicultural systems: selection; shelterwood; and clearcut harvesting. Clearcut harvesting removes essentially all trees in one operation and regeneration occurs from natural seeding, planted seedlings or advanced natural reproduction. Shelterwood removes most of the overstory volume in the first harvest and leaves trees to provide shelter and seed source for natural regeneration. Once advanced regeneration is established, additional harvests may remove the remaining overstory trees. Selection harvests can take many forms as individual trees, or groups of trees are removed to meet different management objectives. Both selection and shelterwood are partial harvesting systems. Clearcuts were the dominant forest harvesting practice prior to implementation of the Maine Forest Practices Act in 1991, which limited the size of clearcuts (Maine Forest Service 1995) . Extensive clearcutting (salvage logging) occurred in the late 1970s and throughout the 1980s, in the wake of the massive spruce budworm outbreak (Griffith and Alerich 1996) . Clearcutting steadily declined over the 1990s and partial harvesting became dominant .
The forest ownership in northern Maine changed dramatically through the 1990s (Irland 2000) . Industrial landowners in the 1980s and 1990s owned pulp mills in Maine and much of the timber to supply the mills came from their own landholdings. Non-industrial private forest (NIPF) owners are often family-owned corporations and if a mill is owned, the mill tends to be much smaller than the industrial mills. Since the early 1990s several mills have closed or changed hands and large tracts of land formerly owned by large industrial forest products companies have been sold to NIPFs, and timber investment management companies (TIMOs). The forest ownership changes in Maine have raised concerns that traditional public recreation access to the private forests (hunting, fishing, boating, hiking, snowmobiling) could be revoked by the new owners and forest employment, a cornerstone of the northern Maine economy, could become threatened or less viable (Irland 2000) . Regardless of the vast tracks of Maine forest being bought and sold during the 1990s and early 2000s, most of the land has remained in working forests. Also, the major industrial and NIPF landowners in Maine have attained forest certification under either the Scientific Forestry Initiative or Forest Stewardship Council and several have entered into conservation easements .
Several studies have demonstrated that Landsat Thematic Mapper imagery (30-m resolution) is effective in monitoring disturbances over large forest tracts (Muchoney and Haack 1994; Collins and Woodcock 1996; Cohen et al. , 2003 Franklin et al. 2000 Franklin et al. , 2002 Franklin et al. and 2003 Wilson and Sader 2002; Sader et al. 2003) . Landsat imagery can provide cost-effective and accurate data concerning the spatial and temporal trends in forest disturbance across multiple ownerships (Turner et al. 1996 , Sader et al. 2003 . Cohen et al. (2002) used multidate Landsat data to characterize the relationships among disturbance rates and patterns, geoclimatic gradients, and land ownership to determine the impact of land management activities and wildfire in western Oregon. Satellite imagery has been reported to be successful in mapping general land cover and northern forest types (e.g., hardwood, softwood, mixed forest) at the landscape scale (Bauer et al. 1994 , Schriever and Congalton 1995 , Wolter et al. 1995 , Mickelson et al. 1998 , Hepinstall et al. 1999 . The level of forest mapping possible with Landsat and other medium spatial resolution satellites (10-to 30-m ground resolution) may not contain enough specificity for detailed forest analysis, but these sensors have gained acceptance by natural resources and wildlife management agencies as an operational tool for state-wide or regional land cover analysis (Scott et al. 1993 , Volgelmann et al. 2001 , Homer et al. 2004 . In the mid to late 1990s, statewide land cover maps were developed for Maine, as well as many other states, through national mapping programs such as the USGS Gap Analysis Program (Scott et al. 1993 , Kiester et al. 1996 and the National Land Cover Data (NLCD) program (Vogelman et al. 2001) . The accuracy of the 1993 Maine GAP land cover map (Hepinstall et al. 1999) was over 92% for forest versus non forest cover and 88% for five superclasses (forest, agriculture, forest wetlands, developed land, and other).
The Maine Gap land cover map used in this research was derived from Landsat data representing ground conditions in 1993. In a working forest landscape, with active harvesting, as in the extensive commercial private forests of Maine, forest maps become quickly outdated. Federal and state funding cycles and priorities influence when these state-wide maps will be updated. In the meantime, forest change detection methods can be used to update older land cover maps to allow state-wide or regional forest assessments to stay relatively current .
Maine is the first state in the U.S. to have completed five years of forest inventories under the U.S. Forest ServiceForest Inventory and Analysis (FIA) annualized inventory program (Laustsen et al. 2003) . The FIA, a field plot system (one plot per 6000 acres of forest), is responsible for nationwide forest inventory and monitoring in the United States. Users of FIA data in the Northeast are increasingly interested in how much forestland is being harvested and converted to other land uses, such as residential housing; however, the data are not conducive to spatially explicit analysis with multiple geographic data layers. The Northeast Research Station was interested in evaluating low-cost, medium-spatial resolution satellite imagery to support the FIA program (Hoppus and Lister 2005) . A forest cover and change detection map was developed to provide information about the status of forest cover (2000) in Maine and to document spatially explicit changes in forest cover during the decade of the 1990s .
Objectives
The availability of the 1993 GAP land cover map of Maine (Hepinstall et al. 1999) in combination with an 1991-2000 forest change detection map of Maine (developed for the USFS-FIA program) provided an opportunity to conduct an exploratory analysis of approximately two decades of forest disturbance and regeneration patterns in the commercial private forests of northern Maine. Given the intensive harvesting of the 1980s, coupled with forest legislation (Maine Forest Practices Act) and ownership changes that occurred in the 1990s and early 2000s, we hypothesized that the forest harvesting rates and patterns may differ among ownership types. We are not aware of any remote sensing studies that have examined two decades of forest harvesting rates, patterns (patch size effects), and regeneration composition among mostly private, corporate ownerships in a large working forest region.
The specific objectives of this exploratory study were: (1) to determine if there are differences in harvest rates and landscape metrics among forest ownership classes and; (2) to determine the composition (2004 forest type) of the regeneration stands and compare the composition among the various forest ownership classes.
Study Area
The study site is approximately 1 816 250 ha and includes all or part of 244 townships in northern Maine, USA (Fig. 1 ). This Acadian forest in Maine occupies the northern boundary of temperate forest and southern edge of boreal forest (Loo and Ives 2003) . The upland vegetation is composed of dominant conifer (>75% softwood) and deciduous (> 75% hardwood) and mixed stands (softwood-hardwood = 51-75% softwood; hardwood-softwood = 51-75% hardwood) under a variety of age classes from early successional to mature forest types. Soils are derived mainly from glacial till. The area is relatively flat to rolling with occasional low mountains, abundant lakes, ponds, streams and associated wetland vegetation and essentially no urban development (Hepinstall et al. 1999) .
Methods Satellite data acquisition and preprocessing
Geo-referenced 1991 Landsat Thematic Mapper (TM) and 2000 Landsat Enhanced Thematic Mapper Plus (ETM+) imagery, collected in summer, were available to support the forest change mapping. Both datasets were previously radiometrically corrected (Chavez and MacKinnon 1994) . These data were supplemented with 1993 Landsat TM and 2002 Landsat ETM+ images for areas covered by clouds in the 1991 and 2000 datasets. Clouds and cloud shadows in both the 1991 and 2000 Landsat imagery were removed through screen digitizing polygons around the affected areas. The polygons were then used to "patch in" the 1993 and 2002 datasets for the 1991 and 2000 cloud-affected areas. Each dataset was checked and adjusted where necessary to minimize geometric errors and ensure that the changes detected were actually changes in vegetation canopy conditions (Jensen 1996) .
Also, a 2004 cloud-free ETM+ image collected in July (leaf-on hardwood) was acquired to classify the forest type composition in forest regeneration stands (to be discussed in another section). The 2004 image was geometrically aligned to the geo-referenced 2000 base image and radiometrically corrected using the same method as applied to the other images (Chavez and MacKinnon 1994) .
Vegetation indices
In this study we calculated the NDMI (Equation 1) for each image date and also calculated a "difference" image (subtraction of 2000 from 1991 NDMI values).
where NIR is the near infrared spectral band 4 of the Landsat images MIR is mid infrared spectral band 5 of the Landsat images.
Previous investigations into the use of vegetation indices in Maine forest change detection studies have indicated that the time-series normalized difference moisture index (NDMI), derived from Landsat data, produce accurate results in the Maine forest conditions (Wilson and Sader 2002 , Sader et al. 2003 .
Forest change classification
The 1991 and 2000 TM and ETM+ data sets (with 1993 and 2002 cloud replacement) were combined into a nine-band layered image. The nine bands included the 1991 NDMI, 2000 NDMI, DIFF image and bands 3, 4, and 5 of both Landsat dates. There is correlation between the NDMI and the Landsat bands 4 and 5 (used in the computation of NDMI); however, previous classification trials indicated better results when NDMI was combined with the original Landsat bands 3, 4 and 5.
An unsupervised (ISODATA clustering) classification was performed (Jensen 1996 , Erdas 1999 ) using the nine-band data set. Wetlands and agricultural areas derived from the 1993 Maine land cover map (Hepinstall et al. 1999) , and clouds and water were masked out prior to the unsupervised clustering. The clusters were interpreted into four categories using visual interpretation of the original TM color composite images (1991 and 2000) and observation of the NDMI difference data, indicating forest cover gains (regeneration) or losses (harvest) in forest cover or biomass (Wilson and Sader 2002 , Sader et al. 2003 Hunt and Rock (1989) , Fiorella and Ripple (1993) , Sader (2002) reported high correlation between NDMI (or similar indices using the near and mid infrared wavebands) and the normalized difference vegetation index (NDVI) in forest related studies. The NDVI is highly correlated with green biomass, leaf area index, intercepted photosynthetic active radiation, and forest canopy closure (Tucker 1979 , Sellers 1985 . We refer to major changes in NDMI between Landsat image dates as surrogates of forest biomass gains and losses for descriptive purposes.
By applying the wetland, agriculture, cloud, shadow, and water masks prior to classification, it was easier to interpret and name the resulting forest clusters as well as to reduce confusion among clusters. Areas that were high biomass (as indicated by high NDMI values) during both dates represented unchanged forest and areas of low biomass (based on low NDMI values) were labelled non-forest areas. Transportation data files were downloaded from the Maine -Office of GIS website (e.g., all highways, primary roads). The vector road data were converted to raster and resampled to 30 m to match the resolution of the forest change map. Many small logging roads did not appear in the transportation data but new roads (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) would be detected in the change image.
Forest harvest and regeneration data
The 1991-2000 forest cover loss or biomass decrease areas (from the change detection mapping) represented forests harvested throughout the 1990s. These areas were easily extracted for further analysis.
Included in the 1993 Maine land cover map (Hepinstall et al. 1999) were two regeneration stand types: early regeneration, and late regeneration. Late regeneration represented postspruce-budworm-salvaged stands of the late 1970s and early 1980s. Early regeneration represented stands harvested from approximately the mid 1980s to 1990. The land cover map was subset to match the study area and the areas (pixels) represented by the two regeneration classes were extracted. The 1991-2000 biomass increase areas (from the change detection mapping) are essentially the same as the regeneration areas on the 1993 Maine land cover map except for slight differences mostly resulting from spatial filters applied during the creation of the Maine Gap land cover map. The regeneration areas from the Maine Gap map and 1991-2000 forest cover gain areas were combined to represent the forest stands harvested from late 1970s and throughout the 1980s. Because nearly all of the study area is under working forest ownerships (industrial, NIPF, state, other) we assumed that natural regeneration was occurring and the land has remained in forest use.
Forest landowner type
Maine forest ownership maps from 1994 and 2000 were acquired from a private company. These maps identified the actual landowners at each date. We combined and recoded each ownership map into four general groups: industrial owners, non-industrial private forest (NIPF), state forest, and "other" owners. The TIMO landowners were combined with the NIPF group for this study. The state-owned forest included Bureau of Public Lands parcels that allow harvesting and not State land that is under protection status (e.g., Baxter State Park). The "other" owners are a mixed category including federal, American Indian and various smaller unknown owners. These four ownership classes represented stable ownership (no change in ownership class between the two dates). We derived a fifth landowner class to represent land that was in industrial ownership in 1994 but was sold to a NIPF owner by 2000. The state and other owners represent a smaller proportion of the study area. The intent of this analysis was to prepare these datasets to allow a comparison of harvest intensity among ownership classes. It should be noted that the dates of ownership maps (1994 and 2000) do not necessarily coincide with the exact dates of land ownership transfers. The land ownership exchanges could have occurred anytime between the two dates.
Forest available to harvest
Some forest land is generally not harvested because the land is under protection status, slopes are too steep, or elevation is too high to permit harvesting due to environmental sensitivity or inoperability of harvesting equipment (as under the latter two constraints). The amount of forest considered "available" for each ownership class was based on the percentage of the cover types present in the Maine land cover map minus elevations over 3200 feet, slopes greater than 40%, and land in reserve or protected status. The State of Maine and forest management companies generally do not harvest forests under these three constraints; therefore, we excluded these forest areas from consideration so that the percentage of harvested forest would be based on the forest landbase that had potential to be harvested. Collectively, the forest excluded from the analysis represented approximately 8.5% of the total forest area, of which 7.0% was contained within Baxter State Park. The total available forest represented is approximately 1.5 million hectares.
Forest regeneration composition (2004)
A regression model was applied to 2004 Landsat ETM+ imagery to calculate hardwood and softwood percent cover. The hardwood and softwood maps were combined using decision rules to derive the percent cover into four groups: softwood, softwood-hardwood, hardwoodsoftwood and softwood dominant. The forest cover gain areas (derived from the combined change detection and Maine land cover maps) were intersected with the 2004 forest cover map to determine the forest type composition of the regeneration stands for each ownership class.
To explore the effects of the time period and ownership on forest harvest intensity and pattern, we randomly selected eleven townships to calculate harvest patch metrics and compare these among three major ownership classes: industrial at both dates (1994 and 2000) ; industrial in 1994 that changed to NIPF by 2000 and; NIPF at both dates. Four township-level harvest patch metrics were chosen: (1) percent forest harvested (1980s through 1990s) of available forest (excluding high elevation, slopes > 40% and protected or reserve land); (2) mean harvest patch size; (3) mean perimeter-area ratio of disturbed forest patches and; (4) patch density. The last three metrics were chosen among dozens of possible metrics calculated by the Fragstats program (McGarigal and Marks 1995) , because these are often cited in the landscape ecology and biodiversity literature as relevant indicators of landscape structure and descriptors of forest fragmentation (McGarigal and Marks 1995, Brown et al. 2001 ). An ANOVA was used to test for significant differences in patch metrics, among the landowner types and time periods.
Results and Discussion
An example of the classified forest change map is provided in Fig. 2 with Landsat colour composite images for visual reference. The accuracy of the forest -no change, forest cover loss, and forest cover gain classes of the map was 90, 88 and 92%, respectively . This assessment was based on photo interpretation sample points performed by a U.S. Forest Service employee, who was not involved in the processing and development of the forest change map ).
Forest harvest intensity over the two decades
All ownership classes, except the "others" class, had higher percent forest harvested in the 1980s compared to the 1990s (Table 1 ). The two industrial classes (1994) had the highest percent forest harvested of all ownership classes. The state had much lower harvest activity than all other ownership classes in 1980s and 1990s. The difference in percent forest harvested for industrial (1994) (1995) (1996) (1997) (1998) (1999) (2000) and industrial (1994)-NIPF (2000) was minor at less than 2% in each time period. The stable NIPF owners had approximately 5.5 and 4.3% lower percent forest harvested than the industrial owners in the two time periods. The "others" ownership class had approximately 10% and less than 3% lower percent harvested compared to the industrial owners, in the 1980s and the 1990s, respectively.
Forest regeneration composition (2004)
Unfortunately, new aerial photos were not available for the large study area and no GIS type maps from forestry industry were available concurrent with the summer 2004 Landsat image to support an assessment of the 2004 regeneration map. However, for a relative comparison, a 2000 regeneration map developed for areas within the study site, using the same methods (reported by Metzler and Sader 2005) agreed well with a forest management company's forest type maps (77% correct) for the four classes. The producer's accuracy (1-omission error) was 89, 68, 71 and 77% for softwood (S), softwood-hardwood (SH), hardwood-softwood (HS), and hardwood (H), respectively.
The percentage of forest regeneration type (2004) by ownership class is presented in Fig. 3 . According to the descriptions in Hepinstall et al. (1999) we estimate that the regeneration stands ranged from approximately 15 to 25-years-old by 2004. The results indicated that S and SH were the dominant regeneration forest types among all the ownership classes. Industrial owners had the highest softwood percent and lowest SH percent, but the sum of S and SH percent were nearly equal among all the owner classes (approximately 81-86%). Hardwood represented less than 3% and HS less than 17% for all the owner classes. The State and Other owners had slightly more HS forests compared to SH but the opposite was true for industrial and NIPF landowners.
Most of the 1980s harvesting occurred in softwood and softwood-hardwood dominant stands, especially those containing balsam fir (Abies balsamea (L.) Mill.), as these were the preferred host of the spruce budworm, leading to the extensive salvage logging (Maine Forest Service 1995) . The high proportion of softwood and softwood-hardwood composition (by 2004) on these mostly naturally regenerated sites seems consistent with what might be expected on the former softwood dominant sites. However, a query of the USFS-FIA statistics estimated that softwood represented only 46.9% and 49.6% (Somerset and Piscataquis County, respectively) of the composition of plots with small-diameter stems, which should be mostly represented in regeneration stands of approximately 15-25 years as in our study (Miles 2005) . The FIA data were based on plot estimates extrapolated to represent 218 397 ha, which is only 15% of the forest in our study (1.5 million ha). We cannot draw a direct comparison between the FIA forest type estimates (different total area, different methods and different forest classification system) and ours for the regeneration stands. However, our estimates of forest type in regeneration stands may overestimate the softwood-hardwood type (51-75% softwood) that is often con- fused with hardwood-softwood (25-49% softwood), as reported by Metzler and Sader (2005) . Nevertheless, any bias in the method would be consistent and according to these data there appears to be little difference in the regeneration forest stand composition among the landowner types.
Harvest patch metrics
Based on a sample of 11 townships randomly selected for each of three ownership classes, four harvest metrics were compared. Results of ANOVA for all harvest patch metrics indicated that there was a significant time period effect (p < 0.010), but no significant ownership effect (P ranged from 0.191 to 0.355) and no significant interaction effect (P ranged from 0.232 to 0.699). For all of the ownership classes, the forest harvest area was significantly higher in the 1980s than during the 1990s. The mean forest harvest patch size was significantly larger in the 1980s compared to 1990s. The mean perimeter-area ratio of disturbed patches was significantly smaller and the harvest patches were more compact in the 1980s compared to the 1990s. As discussed in the introduction, clearcutting was the dominant forest harvesting practice prior to implementation of the Maine Forest Practices Act (FPA) in 1991. Partial harvesting became the dominant harvesting system after 1991 (Maine Forest Service 1999). The older, large clearcuts tended to be more angular with less edges in 1980s compared to 1990s partial cuts. In the early 1990s, after Maine FPA implementation, the remaining clearcuts were smaller (primarily FPA category 1 clearcuts, less than 35 acres) and often clustered with a minimum forest separation zone of 250 feet between adjacent clearcuts (Maine Forest Service 1999). In 1994, clearcuts represented 11% of the total harvest in Maine, however this figure dropped to 2.4% in 2000 (Maine Forest Service, 1995 and .
Conclusions
This study was an exploratory analysis of forest harvest intensity and temporal trends over a large working forest region of Maine under multiple ownerships. Medium spatial resolution satellite imagery (e.g., Landsat) seems promising for landscape level forest monitoring. This study demonstrates the integration of older land cover maps with updated forest change detection to examine two decades of harvest activity and regeneration on mainly private forestland. The change detection and map integration methods should be widely applicable to other regions and landscapes.
The industrial owners (1994) (1995) (1996) (1997) (1998) (1999) (2000) and industrial-NIPF (1994 industrial-owned forest sold to NIPF by 2000) harvested a higher percentage of forest than stable NIPF and other owners (1994) (1995) (1996) (1997) (1998) (1999) (2000) in both time periods. The state landowners harvested much lower percentages of their available forest land in both time periods compared to other owners. For most of the ownership classes (except the "others"), the percentage of forest harvested was less in the 1990s compared to the 1980s. However, the number of years represented by the regeneration areas, that we used as a surrogate to represent 1980s harvesting, may have exceeded the nine years represented by 1991-2000 change detection; therefore, we might have been dealing with unequal time periods in the analyses. Nevertheless, the patch metrics analysis indicated significantly larger harvest patches, more compact patches, and smaller mean perimeter-to-area ratios in the 1980s suggesting that some different dynamics (e.g., spruce budworm salvage harvesting, implementation of the Maine Forest Practices Act, among others) may have influenced the harvesting practices between those two decades (Maine Forest Service 1995 , Irland 2000 .
There are many possible reasons and explanations for differences in harvesting intensities; however, exploration of socio-economic data was beyond the scope of the study. These results concerning harvest intensity, harvest patch size effects, and regeneration stand composition among landowners should not be extrapolated to other areas in Maine, or beyond, where ownership patterns, forest conditions and other influencing factors are different. Future work will focus on a more specific identification of forest landowner types and ownership changes over a slightly longer period to explore the micro trends that we might have missed.
